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A method for nondestructively visualizing multisection nanostructures of
integrated circuits by X-ray ptychography with a multislice approach is
proposed. In this study, tilt-series ptychographic diffraction data sets of a two-
layered circuit with a1.4 mm gap at nine incident angles are collected in a wide
Q range and then artifact-reduced phase images of each layer are successfully
reconstructed at 10 nm resolution. The present method has great potential for
the three-dimensional observation of flat specimens with thickness on the order
of 100 mm, such as three-dimensional stacked integrated circuits based on
through-silicon vias, without laborious sample preparation.
1. Introduction
The visualization of three-dimensional detailed structures of
samples is required to reveal key factors in biology and
materials science. Computed tomography (CT) is a general
method for reconstructing a three-dimensional image from
projection images recorded at multiple angles. To visualize
three-dimensional structures at the nanometre scale, high-
resolution transmission electron microscopy (TEM) or X-ray
microscopy has been extended to three-dimensional micro-
scopy using the CT technique. The TEM-CT technique can
now three-dimensionally visualize biological specimens at a
single-nanometre resolution (Gan & Jensen, 2012) and func-
tional materials or electric devices at atomic resolution (Chen
et al., 2013).
For TEM-CT observation, the samples must be thinned to
the order of 100 nm so that the electrons are transmitted. The
sample is processed into a lamella or a cylindrical pillar by the
focused ion beam (FIB) milling technique. The emergence of
curtaining artifacts due to the FIB has been reported
(Denisyuk et al., 2017). The preparation of artifact-free thin
sections of samples is an important issue for TEM-CT obser-
vation. In contrast, three-dimensional X-ray microscopy is a
potential tool for the nondestructive and high-resolution
observation of relatively thick specimens owing to its high
penetrating power and short wavelength. X-ray microscopy
with a Fresnel zone plate has now reached a resolution of the
order of 10 nm in synchrotron facilities (Chao et al., 2012).
However, the spatial resolution of X-ray microscopy still lags
behind that of electron microscopy due to the difficulty in
fabricating X-ray lenses with high accuracy. Coherent
diffraction imaging (Miao et al., 1999) (CDI) can circumvent
this difficulty, being a lensless imaging technique based on the
iterative phasing of diffraction amplitudes. Ptychography
(Rodenburg et al., 2007) is a method of CDI that applies
translational diversity, in which the object of interest is
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scanned in small steps by an overlapping probe, providing
redundancy in collected data. These techniques are also
applied to observe three-dimensional features at 10–100 nm
resolution (Dierolf et al., 2010; Wilke et al., 2012; Holler et al.,
2017). Recently, demand for the high-resolution observation
of large-volume samples exceeding 100  100  100 mm has
increased. The limitation of the depth of field has become a
crucial issue in X-ray ptychography.
Multislice X-ray ptychography (Suzuki et al., 2014) can
overcome the limitation of the depth of field, reconstructing
sectional images perpendicular to the propagation direction
without degradation of the spatial resolution and laborious
sample preparation. The multislice approach (Cowley &
Moodie, 1957) models an object as multiple axial sections and
calculates the wave propagation within the object, which
eliminates the degradation of the transverse resolution.
Multislice ptychography was first demonstrated in the visible-
light regime and applied to a realistic specimen (Maiden et al.,
2012; Godden et al., 2014). After that, it was experimentally
proved that multislice X-ray ptychography is useful for
observing thick samples beyond the limitation of the depth of
field (Suzuki et al., 2014; Tsai et al., 2017). In multislice X-ray
ptychography, information on a curved Ewald surface plays an
important role in reconstructing multiple axial sections.
However, it is difficult to collect experimentally such infor-
mation because of weak scattering intensities in the high-Q
region. Precession measurement, which is a method of
recording a tilt-series data set from a sample at various small
rotational angles, is useful for separately reconstructing
multiple axial sections, providing redundancy in collected
data. So far, multisection images of a four-layered test object
have been successfully reconstructed from tilt-series ptycho-
graphic diffraction pattern data sets (Shimomura et al., 2015).
In this paper, we report the multisection observation of a
real sample by multislice X-ray ptychography with precession
measurement. We also evaluated the difference between the
obtained images and images reconstructed by the filtered
back-projection algorithm. Finally, we describe the potential
application of the present method.
2. Theory of spatial resolution of multislice X-ray
ptychography
The theoretical spatial resolution of multislice X-ray ptycho-
graphy is limited only by the incident X-ray wavelength and
















where dy and dz are the spatial resolutions along the y and z
axes, which are perpendicular and parallel to the optical axis,
respectively. qy and qz are the spatial frequencies along the y
and z axes, respectively.  is the X-ray wavelength and max is
the maximum scattering angle. In precession measurement,
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where ! is the tilting angle relative to the y axis. To improve
the longitudinal resolution, it is important to record the
diffraction intensity in a high-frequency region with a high
signal-to-noise (S/N) ratio. Both high-intensity incident X-rays
and a high-efficiency X-ray detector are experimentally
needed.
3. Experimental details
Precession X-ray ptychographic measurements were
performed at BL29XUL in SPring-8. Fig. 1(a) shows a sche-
matic of the experimental setup. A 6.5 keV monochromatic
X-ray beam was provided by an in-vacuum undulator device
and a Si(111) double-crystal monochromator. The mono-
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Figure 1
(a) Schematic of precession X-ray ptychography experiment. 6.5 keV
monochromatic X-rays were two-dimensionally focused to a 500 nm
spot size by Kirkpatrick–Baez mirror optics. The sample was composed of
two circuits which were stacked with a gap of 1.4 mm. Forward
diffraction intensities were collected using a hybrid pixel array detector
with a pixel size of 75  75 mm. The sample was illuminated in 10  10
overlapping fields of view that were separated by 300 nm in the horizontal
and vertical directions. The incident X-ray angle was controlled by
adjusting a two-axis rotational stage, where ’ and ! are the horizontal
and vertical tilt angles, respectively. Ptychographic diffraction data were
collected at (’, !) = (0, 0), (1, 0), (1, 0), (0, 1), (0,1), (1, 1),
(1, 1), (1, 1) and (1, 1). (b), (c) Top views of the sample
imaged by (b) optical and (c) confocal laser microscopy. (d) Cross-
sectional SEM image through Cu wirings with a 160 nm pitch.
chromatic X-ray was two-dimensionally focused to a 500 nm
spot size by Kirkpatrick–Baez (KB) mirror optics. The flux of
the focused X-rays was estimated to be 1  108 photons s1.
The sample was composed of two circuits stacked with a
1.4 mm gap on a Si substrate. The bottom Si layer was
thinned to 20–30 mm by dry etching. Figs. 1(b) and 1(c) show
top views of the measured sample imaged by optical and
confocal microscopy, respectively. Each circuit included peri-
odic Cu damascene wiring on an insulating tetraethyl ortho-
silicate layer. Both the interval and the thickness of the Cu
wiring were 160 nm. Fig. 1(d) shows a cross-sectional scanning
electron microscopy (SEM) image of the measured sample.
Coherent forward diffraction patterns were recorded using a
hybrid pixel array detector (EIGER 1M, Dectris) (Johnson et
al., 2014) which provides high-throughput ptychographic
measurements (Guizar-Sicairos et al., 2014). To measure the
bright field and extend the effective dynamic range of
diffraction patterns, an 88 mm-thick Si attenuator with a size of
800  800 mm was placed in front of the detector (Wilke et al.,
2013). The diffraction pattern was recorded with the detector
at two positions to record the diffraction intensity at higher
frequencies than those covered by the detector and comple-
ment the dead area between the modules of the detector. The
sample was two-dimensionally raster-scanned at 10  10
positions with a step of 300 nm. The exposure time at each
point was 50 s. Ptychographic diffraction data were collected
at nine angles, (’, !) = (0, 0), (1, 0), (1, 0), (0, 1),
(0, 1), (1, 1), (1, 1), (1, 1) and (1, 1).
4. Results and discussion
4.1. Diffraction pattern
Fig. 2 shows the diffraction patterns recorded at (’, !) =
(0, 0) and (1, 0). We collected coherent X-ray diffraction
patterns with a dynamic range of (1 photon pixel1:
108 photons pixel1) in the region 116.7 mm1  qx;y 
116.7 mm1. The periodic speckles observed in the diffraction
patterns are classified into small and large speckles. The small
speckles spread along the vertical direction due to the periodic
structures of the Cu wiring. The large speckles are sensitive to
the rotation angle of the sample. The spreading direction of
the large speckles changes with the angle, in good agreement
with the results of the numerical simulation. On the basis of
Ewald sphere constructions for CDI, the maximum values of
qx and qy that satisfy the projection approximation for sample







In the present experiment (Dz = 1.4 mm,  = 0.1907 nm),
qprojectionx;max and q
projection
y;max are 43.28 mm
1. The area inside the
yellow dashed line in Fig. 2(a) satisfies the projection
approximation. The diffraction intensities in the region of
jqx;yj > 43.28 mm
1, which do not satisfy the projection
approximation, play a significant role in the multislice recon-
struction. If we use high-energy X-rays, the validity of the
projection approximation is extended. However, the signal of
the high-Q diffraction pattern decreases due to the reduction
of scattering cross section, and hence the spatial resolution
also decreases.
4.2. Reconstructed image
Two sectional images were reconstructed using precession
3PIE (Shimomura et al., 2015). First, both the object and probe
functions were reconstructed from a diffraction pattern set,
which was measured at (’, !) = (0, 0), by using ePIE
(Maiden & Rodenburg, 2009). Then, as the initial object
function of each layer, the square root of the amplitude and
half of the phase values of the reconstructed object function
were input for the multislice reconstruction using precession
3PIE. On the other hand, as the initial probe function, the
reconstructed probe function was used without modification.
The distance between the two sections was fixed to 1.4 mm
during the reconstruction. Accuracy of the distance is related
to the longitudinal resolution. The separation could be fixed to
1.4 mm  dz nm. Precession 3PIE consists of a small loop in
which multislice images are reconstructed from a ptycho-
graphic data set collected at each angle. The small loop
is connected to the large loop, in which the object function is
shared. A feature of precession 3PIE is that the object func-
tion is simplified, namely, the tilts of ! and ’ for each slice can
be approximated as linear shifts of t sin! and t sin ’, respec-
tively, where t is the section thickness. In the present recon-
struction, the number of iterations was 10 in each small loop.
The iterative process was continued for up to 1000 iterations.
Fig. 3(a) shows the reconstructed phase images of the first and
second layers and the merged images. The Cu wiring on each
layer was clearly reconstructed. The phase shift of each layer
corresponds to the theoretical value of the phase shift of
160 nm-thick Cu. The positional shifts between the first and
second layers are 30 nm in the y direction and 26 nm in the x
direction. The positional shift in the y direction was in good
agreement with that evaluated from the cross-section SEM
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Figure 2
Diffraction patterns of the two-layered circuit recorded in the region
116.7 mm1  qx;y  116.7 mm
1 at (’, !) = (0, 0) and (1, 0). The
area inside the yellow dashed line in the left figure satisfies the projection
approximation. The X-ray-irradiated position is indicated by the yellow
arrow in Fig. 1(c).
image shown in Fig. 1(d). For comparison, a three-dimensional
image of the sample was reconstructed from the projection
images at each angle by using the filtered back-projection
(FBP) method, in which the projection images were recon-
structed from the diffraction patterns at each angle using
ePIE, and then a three-dimensional image of the sample was
reconstructed at an isotropic voxel size of 4.3 nm by the FBP
method with the Ram–Lak filter (Ramachandran & Laksh-
minarayanan, 1971). The three-dimensional image was divided
into two equal parts along the z direction. Images of the first
and second layers were derived by calculating the projection
of upstream and downstream voxels. Fig. 3(b) shows images of
the first and second layers derived from the three-dimensional
images. It is difficult to evaluate the positional shift because of
the appearance of artifacts. Fig. 3(c) shows the cross sections
through the yellow lines in Figs. 3(a) and 3(b). It is known that
the Ram–Lak filter emphasizes high-frequency components. A
spike artifact appears in the image reconstructed by FBP. It is
clear that the use of precession 3PIE reduces the appearance
of artifacts and provides us with more precise images. A few
dark dots are seen in Fig. 1(c), while they are not recon-
structed in the ptychographic reconstruction. The dark dots
could be dust, composed of low elements, on the surface.
Next, we evaluated the spatial resolution of the phase
images by using the phase retrieval transfer function (PRTF).
Fig. 4 shows the PRTF curve for the reconstruction by
precession 3PIE. On the basis of the criterion of PRTF = 1/e,
the transverse resolution of the image was estimated to be
9.6 nm. In the present experiment, the achievable spatial
resolution in the single ptychographic measurement was esti-
mated to be 8.6 nm for dy and 770 nm for dz, and that in the
precession measurement was estimated to be 8.7 nm for d0y and
330 nm for d0z. Although dz was smaller than the distance
between the circuits, it was difficult to separately reconstruct
the two layers from a single data set due to the low S/N ratio of
the diffraction pattern in the high-Q region. Multislice
reconstruction requires a higher S/N ratio for the diffraction
intensity in the high-Q region than the reconstruction of the
projection image since the existence of diffraction intensities
in the high-Q region that do not satisfy the projection
approximation plays an important role in the multislice
reconstruction. Precession 3PIE using multiple-angle data
provides a more robust reconstruction and is effective for
clearly reconstructing multisection images.
5. Conclusion
We have demonstrated a method for nondestructively visua-
lizing multisection nanostructures of integrated circuits by
X-ray ptychography with a multislice approach. We measured
ptychographic diffraction intensities scattered from a two-
layered object with a distance between the layers of 1.4 mm at
nine angles, and then applied precession 3PIE to them. Each
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Figure 3
(a), (b) Phase images of the two-layered circuit reconstructed from the nine ptychographic diffraction pattern data sets. (a) Precession 3PIE. (b)
Combination of ePIE and FBP. (c) Phase profiles through yellow lines in (a) and (b).
Figure 4
Phase retrieval transfer function (PRTF) of mutltislice reconstructions.
The spatial resolution is defined as the intersection of the PRTF curve
and the 1/e threshold and is determined to be 9.59 nm.
section was successfully reconstructed at a transverse resolu-
tion of approximately 10 nm. From the merged image, we
found that layers were shifted by approximately 30 nm in the
horizontal and vertical directions. Precession multislice X-ray
ptychography is suitable for the three-dimensional observa-
tion of flat specimens with thickness on the order of 100 mm,
which requires a nanometre resolution. For example, multi-
stacked integrated circuits (ICs), where two-dimensional flat
ICs are vertically stacked and connected by through-silicon
vias, have been realized for the higher integration of electric
systems and to reduce the length of interconnects (Knick-
erbocker et al., 2008). For the correct operation of multi-
stacked ICs, the high alignment accuracy of chips or wafers at
nanoscale resolution is required (Lee et al., 2011). Precession
multislice X-ray ptychography can evaluate the alignment
accuracy without degradation of the transverse resolution
caused by the propagation effect and/or complex sample
preparations. We believe that multislice precession X-ray
ptychography is a promising method for nondestructive three-
dimensional imaging in device sciences.
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